Synthetic biologists use engineering principles to design and construct genetic circuits for programming cells with novel functions. A bottom-up approach is commonly used to design and construct genetic circuits by piecing together functional modules that are capable of reprogramming cells with novel behavior. While genetic circuits control cell operations through the tight regulation of gene expression, a diverse array of environmental factors within the extracellular space also has a significant impact on cell behavior. This extracellular space offers an addition route for synthetic biologists to apply their engineering principles to program cell-responsive modules within the extracellular space using biomaterials. In this review, we discuss how taking a bottom-up approach to build genetic circuits using DNA modules can be applied to biomaterials for controlling cell behavior from the extracellular milieu. We suggest that, by collectively controlling intrinsic and extrinsic signals in synthetic biology and biomaterials, tissue engineering outcomes can be improved.
Introduction
Synthetic biology has transformed how cells can be reprogrammed, providing a means to reliably and predictably control cell behavior with the assembly of genetic parts into more complex gene circuits. This bottom-up approach enables the combination of characterized pieces of DNA, or modules, with specific functions to create genetic programs to engineer cells with desired behavior. Traditionally, these functional modules have come from orthogonal organisms to minimize crosstalk between the engineered circuits and the host's cell machinery, which allows robust and tunable gene expression in response to a specified input. Examples of these programs include switches [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] , oscillators [13] [14] [15] [16] [17] [18] [19] , timers and counters [20, 21] , amplifiers [22, 23] , logic gates [24] [25] [26] [27] , biosensors [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] , tight gene control [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] , enhanced protein production [52, 53] , and for various therapeutic applications [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] [66] .
Gene expression in mammalian cells can generally be described as starting with the recruitment of transcription factors to DNA regulatory sites within the nucleus to activate or repress the transcription of target genes. This controls the production of pre-messenger RNA (mRNA) transcripts that undergo post-transcriptional modifications including splicing introns out of the transcript and adding a 5′ cap and a 3′ poly (A) tail. These mature mRNAs are exported into the cytoplasm where they bind to ribosomes and undergo translation [67, 68] . The control of all of these processes is essential for cells to control gene expression to maintain their viability and to execute cell fate decisions. In higher organisms, any disruption to this regulation can lead to serious consequences including cancer [69] [70] [71] , underdeveloped or weak hypertrophic tissues [72] [73] [74] , and/or metabolic diseases [75] [76] [77] [78] [79] [80] . Therefore, it is important that genes are only expressed when needed, and that the correct level of expression is maintained. Mammalian synthetic biologists have intervened in the molecular processes of gene expression by implementing novel gene expression patterns using genetic circuits capable of controlling gene expression by maintaining tight off states [3, 81] , tuning gene expression levels [3, [82] [83] [84] [85] , and implementing Boolean logic functions [27, [86] [87] [88] [89] [90] , making approaches in synthetic biology ideal for applications in tissue engineering.
The primary goal of tissue engineering is to repair and regenerate damaged and diseased tissues [91] [92] [93] [94] . The central thrust of many approaches in tissue engineering is to deliver stem cells and biochemical factors within material scaffolds, ultimately to direct stem cell differentiation and promote the production of new, viable tissue. All tissues are composed of an extracellular matrix (ECM) as well as lineage committed cells that secrete and maintain the ECM. Stem cells are an imperative cell population for tissue maintenance, regeneration, and repair, because they have the ability to replenish their own population, and to differentiate into a number of cell types to restore tissue function. Both intrinsic (transcription factor expression) as well as extrinsic (environmental) mechanisms have been shown to be involved with the regulation of stem cell self-renewal and differentiation, and this interplay between intrinsic and extrinsic cues has made it difficult to direct an entire population of stem cells toward a desired lineage [95] [96] [97] [98] . This begs the question of whether a combined approach that incorporates cues from both inside and outside of the cell might yield more robust stem cell differentiation outcomes. A variety of biomaterials have been explored as three-dimensional (3D) scaffolds for tissue engineering approaches [99] [100] [101] [102] [103] [104] [105] [106] [107] [108] [109] [110] [111] [112] [113] . Similarly, recent efforts in synthetic biology have focused on the precise orchestration of gene expression that can be used to augment stem cell self-renewal and differentiation [63, [114] [115] [116] [117] [118] [119] . This review focuses on how bottom-up approaches used in synthetic biology to build genetic circuits from individual functional modules can be applied to biomaterials for building 3D microenvironments with programmed ECMs that contain extracellular domains/modules to direct cell behavior for tissue engineering applications. Specifically, we examine both intrinsic and extrinsic efforts to guide cell behavior and discuss various target areas to manipulate and control cell function (Fig. 1) . Synthetic biologists build genetic circuits and intervene at the various steps in gene expression to control cell behavior, and tissue engineers focus on creating biomaterials with custom domains to control cell behavior. In both cases, functional modules are pieced together to build genetic circuits and environments for obtaining desired cell outcomes. Altogether, we view this bottom-up approach in both synthetic biology and biomaterials to be a promising means to enhance desired cell behavior that can be used for tissue engineering applications.
Targeting the cell: modules in synthetic biology
Advances in DNA manipulation have enabled the construction of complex genetic circuits in mammalian cells that have improved our ability to probe and program mammalian cells. These advances make it possible to envision novel therapeutic interventions for many therapeutic applications, Fig. 1 Bottom-up approaches for controlling cell behavior. Synthetic biologists use interchangeable and well-characterized genetic parts, or modules, (listed in blue boxes) of DNA to build complex genetic circuits to program cells with robust and tunable gene expression for obtaining desired cell behavior. Synthetic biologists use a variety of genetic tools to target: (1) the nucleus, (2) the cytoplasm, and (3) the cell membrane to control gene expression that ultimately control cell behavior. The extracellular space (4) is another area for synthetic biologists to consider using a bottom-up approach to construct a cell-instructive microenvironment using well-characterized extracellular matrix (ECM) protein domains/modules (listed in yellow box). Together, controlling the intrinsic and extrinsic signals that cells are exposed to will likely improve our ability to guide the growth and behavior of cells (color figure online) including treating damaged and diseased tissue. Spatial and temporal control of gene expression is critical for applications in tissue engineering and regenerative medicine. Engineering approaches in synthetic biology have benefited from the increased number of available genetic modules to enable the reprogramming of cells with novel biological behavior [114, 118, [120] [121] [122] , dynamic gene control [3, [82] [83] [84] [85] , and Boolean logic capabilities [27, [86] [87] [88] [89] [90] , which has led to an improved ability to control mammalian cell behavior. These genetic tools can be used toward one of the goals in tissue engineering, which is to direct stem cell differentiation to create new tissues. In this case, tools for regulating gene expression are essential, and in this section, we provide an overview of how advances in mammalian synthetic biology have led to a new generation of novel genetic tools that can be used for exciting new directions in tissue engineering.
Transcriptional control
Transcription factors are proteins that bind to regions of DNA to control the expression of downstream genes. These DNA-binding domains can function as transcriptional activators or repressors to engineer synthetic promoters to be used as modules for building genetic circuits. Altogether, synthetic promoters that contain corresponding transcription factor binding sequences can be used to control the rate of transcription of a gene of interest. The activity of each synthetic promoter can be engineered to strongly influence important cell processes such as proliferation, apoptosis, and differentiation by regulating the expression of genes in either 'on' or 'off' states [123] . Synthetic biologists have capitalized on this by isolating transcriptional regulatory parts from other species and transferring them to mammalian cells. For example, the binding domains of the bacterial repressor proteins, LacI and TetR, have been placed within promoter regions to enable downstream gene expression to be controlled [124, 125] . The effects of LacI and TetR can be reversed by adding the small molecule inducers, isopropyl β-d-1-thiogalactopyranoside (IPTG) and tetracycline, respectively. When moving these transcriptional regulators to mammalian systems, they can be fused to a transcriptional activator domain (e.g., VP16) or a transcriptional repressor domain (e.g., KRAB) to employ desired control over gene expression [126, 127] . More recently, gene regulatory modules from Neurospora crassa were coupled to the Lac repressor to create a new orthogonal genetic tool, called LacQ, for regulating gene expression in mammalian cells [4] . Many of these transcription factor genetic circuits have been extensively reviewed elsewhere [47, 55, 59, 66, [128] [129] [130] [131] [132] [133] [134] [135] [136] [137] [138] [139] [140] [141] [142] [143] [144] [145] [146] .
The engineering of transcription factor genetic circuits has demonstrated how cells can be programmed with novel gene expression patterns, which have already shown utility in stem cell and tissue engineering applications. Recently, the LacQ switch was shown to function in mouse embryonic stem cells to tightly control gene expression in the pluripotent state [4] . In a different study, a light activated genetic switch was engineered to turn gene expression on after exposure to blue light [10] . This light induced genetic switch was used to control the expression of the master myogenic factor, MyoD, to direct mesenchymal stem cells to differentiate into skeletal muscle cells. The same optogenetic switch was also used to control the expression of vascular endothelial growth factor (VEGF) and angiopoietin 1 (ANG1) to induce new blood vessel formation, which is a critical occurrence for tissue regeneration and wound healing applications. Another study showed that pulsing the expression of GATA6 in human induced pluripotent stem (iPS) cells initiated the development of all three germ layers to form liver bud-like tissue in vitro, an important step for recapitulating the formation of organs and tissues [147] . While traditional differentiation protocols require a mixture of growth factors and cytokines to be administered over successive temporal windows, the authors' GATA-6-induced differentiation methods did not require any exogenous biologic aside from those to maintain iPS cell pluripotency. When examining individual cells in culture, differentiation outcomes were found to be a result of both cellular GATA-6 expression levels as well as neighboring cell types. This demonstrated that cell niches can be spontaneously developed using genetically programmed differentiation regimens. Importantly, emerging tissue function was apparent with the development of blood-like cells that produced hemoglobin subunits. Lastly, a genetic circuit that functions as a band-pass filter was engineered to temporally control the expression of the three different essential transcription factors, Ngn3, Pdx1, and MafA for the development of pancreatic β cells [148] . This genetic circuit was shown to temporally control the expression of these three transcription factors to effectively direct human iPS cells differentiation into glucose-sensitive insulin secreting like β cells.
Genome editing
In addition to transcription factor genetic circuits, mammalian synthetic biologists have utilized enzymes from bacteria and yeast that bind to site-specific DNA sequences and function to alter the sequence through irreversible excisions, inversions, and integrations, depending on the orientation and architecture of the DNA recognition sites [129] . This recombinase technology has been utilized in many organisms to program cells with Boolean logic functions [86, 88, 149] , cellular computation [20, 150] , and cellular memory [89, [151] [152] [153] [154] [155] . Recently, recombinases were used to engineer mammalian cells with multiple programmed inputs and outputs to allow for more targeted complex manipulation of cell behavior [156] . This study introduced a new platform called "BLADE", or Boolean logic and arithmetic through DNA excision, to generate multiple genetic circuits that can be customized based on the desired cellular outcomes. This is a significant advancement in mammalian synthetic biology, because it provides exciting opportunities to design custom-made complex genetic programs that can be used for directing stem cell differentiation.
In addition to recombinases, the discovery of programmable DNA nucleases, zinc finger nucleases (ZFN), transcription activator-like effector nucleases (TALEN), and clustered regulatory interspaced short palindromic repeats (CRISPR)/Cas9, have made it possible to target specific locations within the genomic DNA and introduce site-specific gene modifications by cleaving the DNA at specific target sequences [132, 157] . These nucleases are able to perform efficient, precise genetic modifications by creating double stranded DNA breaks, which allows for gene deletion, mutated sequence corrections, and gene insertion [26, 158] . The double stranded breaks stimulate cellular DNA repair mechanisms, including nonhomologous end joining (NHEJ) and homology-directed repair (HR), which enables the directed reprogramming of cells using these genetic modules [117, [159] [160] [161] [162] [163] [164] [165] . Genome targeting technologies have shown great promise in reprogramming stem cells for directing their differentiation, in addition to correcting disease causing DNA mutations [166] [167] [168] [169] [170] [171] . For example, efforts are underway to study the effects of correcting DNA sequences that cause diseases such as Duchenne muscular dystrophy (DMD), which is an inherited X-linked disease caused by mutations in the gene encoding for dystrophin, a protein required for muscle fiber integrity [167, 169, 172] . Patients with mutated dystrophin protein typically experience muscle degeneration that results in death at a young age, typically from a weakening heart and breathing complications. Studies correcting this mutation within the genome are promising for future genome editing approaches [168, 173] .
Altogether, the ability to specifically target the cell genome using genome targeting genetic tools enable the placement of landing pads for the direct insertion of larger genetic circuits into the genome [174, 175] . These important advancements make it possible to program stem cells with genetic circuits capable of tightly regulating gene expression for directing their differentiation.
Noncoding RNAs
Many genes produce small RNAs that do not encode for any protein. These noncoding RNAs make up a diverse set of transcripts that function as regulatory components within cells. With advances in sequencing technologies, many of these noncoding RNAs have been identified [176] . The discovery of sequence-specific RNA-mediated pathways for turning off gene expression [177] has empowered synthetic biologists with genetic tools to target transcripts before they are translated [119] . For example, early in mammalian synthetic biology, the RNAi pathway was utilized to tightly regulate gene expression by controlling the production of short hairpin RNA (shRNA) using a TetR-regulated promoter [3] . This study demonstrated how coupling repressor protein and RNAi modules lead to tight gene control that behaves like a rheostat, enabling tightly regulated and graded levels of gene expression. More recent investigations have leveraged noncoding RNA modules to correlate miRNA with gene expression levels to create a model for predicting proteinresponsive miRNAs [178] . This work also enabled the intracellular measurement of the nuclear protein concentration of β-catenin. Several synthetic RNA-based control circuits have also been engineered to recognize unique microRNA identifiers of cancer cells, enabling genetically programmed cells to distinguish between healthy and cancerous states by classifying specific microRNA levels of each cell [62] . Once these microRNAs are detected, the genetic circuit induces apoptosis of the cancerous cells. In a different study, negative feedback control was obtained from an RNAi-based genetic circuit to maintain homeostatic protein levels in mammalian cells [81] . Overall, cell recognition-response genetic tools offer significant value in building tissues that are composed of multiple cell types.
Receptors
In addition to engineering genetic circuits that respond to small diffusible molecules and light, cell membrane receptors have been engineered to link extrinsic signals to control intracellular molecular events. A typical mammalian cell is exposed to hundreds of different signals in its environment. These signals can be soluble, bound to the ECM, or located on the surface of neighboring cells, and they can act in many combinations to regulate stem cell behavior and cell fate decisions. Rewiring receptors to connect with genetic circuits and thereby capture receptor activation has the potential to monitor what cells experience in their native environments (e.g., changes in the ECM, presence/absence of other cells, levels of proteins, etc.). This has the exciting potential to provide insights into the extracellular triggers that direct cells down particular differentiation pathways. To capitalize on the natural sensing ability of cell receptors, synthetic biologists have rewired receptor activation to connect to genetic circuits that trigger the expression of reporter genes or therapeutic proteins [30, 179] . The modular extracellular sensor architecture (MESA) system pioneered this effort using bio-orthogonal membrane receptors [31, 36] . The engineered receptors consisted of two transmembrane chains, each with a single variable fragment fused to either an intracellular protease chain or a target chain containing the protease ligand, as well as a synthetic transcription factor. The authors more recently demonstrated that MESA could be multiplexed to implement cellular logic in response to extracellular cues [180] . Upon binding to the target ligand, the two receptor fragments dimerize and trigger proteolytic cleavage of the synthetic transcription factor, which initiates an intracellular transcriptional response. This strategy enabled the development of logic functions as a means to reduce deleterious off-target receptor activation [180] . In a similar approach, the Notch receptor has been rewired to trigger synthetic gene modules (synNotch) [181, 182] . synNotch receptors capitalize on the proteolytic release of the Notch intracellular domain upon binding of the Notch receptor to its ligand. This intracellular domain translocates to the nucleus and initiates transcriptional activation of the nuclear reporter module or in the case of synNotch, activates a synthetic gene module [182] . These novel technologies are exciting from a tissue engineering perspective, because they can be used as a means to rewire extracellular-to-intracellular transduction pathways for enhanced cell differentiation outcomes.
Similarly, T cells have been engineered for tumor targeting using a wide range of surface receptors with distinct intracellular functions [183] . These chimeric antigen receptors (CARs) were used to create T cells that have synthetic receptors consisting of an antigen-specific single-chain variable fragment, which is derived from a monoclonal antibody fused to the core intracellular signaling domain. Upon T cell activation, the host's immune system is stimulated to attack the tumor [184] . Notably, CARs allow for flexible user-defined retargeting simply by swapping the ligand-binding domain, while the intracellular processing and signal transduction are limited to endogenous signaling cascades.
Targeting the extracellular space: modules in biomaterials
All cells naturally interact with their ECM to maintain healthy tissues, and any changes in the ECM can lead to significant changes in cell behavior. The adhesion of cells to the ECM has a profound influence on cellular behavior, affecting cell migration, differentiation, and proliferation. Differentiation outcomes of stem cells are significantly impacted by the mechanical properties (e.g., stiffness and elasticity) of their surrounding environment [185] [186] [187] [188] [189] [190] [191] . Aspects regarding the mechanical environment and its influence on stem cell behavior have been extensively reviewed elsewhere [187, [192] [193] [194] [195] . Additionally, when growth factors are added to the media, studies have shown that they act synergistically with the mechanical properties of the material when both target the same differentiation outcome [185] . For example, a stiff matrix combined with bone (osteogenic) media results in robust differentiation of stem cells into osteoblasts, the cells that secrete matrix for bone formation. On the other hand, mixed environments produce varied differentiation outcomes. A soft matrix combined with osteogenic media, was found to produce a mixed population of cells, and resulted in a low efficiency of differentiation into osteoblasts. Therefore, both the biochemical and mechanical properties within the cellular environment are essential mediators of differentiation, and their synergy is paramount to promoting robust outcomes.
Maintaining a stem cell's ability to differentiate into more specialized cell types, or "stemness", is essential to tissue engineering applications, because it allows for the expansion of a stem cell population to generate enough cell numbers to form a functioning tissue. Recently, it was shown that the ability of neural progenitor stem cells to differentiate into multiple neural cell types was dependent upon the capacity of the ECM to undergo matrix remodeling via material degradation [196] . This remodeling was demonstrated to occur in the presence of protease-degradable domains as well as physical cross-links within the biomaterial, suggesting that neural progenitor stem cells require degradable microenvironments to maintain stemness. This study suggests that biomaterial degradation can be programmed to first promote the proliferation of stem cells, followed by their differentiation into more specialized cells. Altogether, studies have illustrated that the mechanical and biochemical characteristics within the cellular milieu have a significant impact on stem cell behavior. Therefore, most tissue engineering approaches focus on engineering biomaterials to mimic aspects of the native tissue ECM.
While synthetic polymer chemistry has traditionally been a means to create biomaterials for growing cells in 3D scaffolds, these materials generally lack the cues necessary to control cell attachment and differentiation for tissue production. This has motivated efforts to modify 3D scaffolds with bioactive sequences and factors throughout the material [197] . Recombinant strategies for producing peptide scaffolds permit modularity in the design of protein products that are capable of forming 3D materials to grow cells. Because the design of these materials is encoded within DNA, they are more amenable to be programmed for interacting with other synthetic or biological systems [198] . We, therefore, discuss how the same bottom-up approaches used in synthetic biology to build complex gene circuits out of genetic modules can be applied to engineer protein-based biomaterials that harbor functional modules. Specifically, we examine how these domains/modules can build instructive environments for stem cells to receive timely extrinsic signals for improving differentiation outcomes. Many reviews have been published summarizing how biomaterial scaffolds have been used for tissue engineering applications [93, 113, [199] [200] [201] . Here, we discuss how taking a bottom-up approach to assemble modular protein domains within biomaterial scaffolds will enable the construction of complex cell-responsive extracellular matrices for directing cell fate decisions. These scaffolds have the ability to assemble either through non-covalent or covalent interactions, while remaining biologically orthogonal within the mammalian context. While not all of these materials have been directly assembled in the extracellular space of a mammalian culture, we predict that their translation into this space is imminent. Furthermore, we highlight how these components can be utilized to control the mechanical and chemical features of biomaterials and to endow extracellular spaces with sensing and bioactive functionalities.
Hydrogels are common tissue engineering scaffolds that provide 3D environments for cell growth, mimicking in vivo settings with facile assembly. These materials are hydrophilic in nature, which provides an optimal environment for molecules and nutrients to move freely throughout the material. Hydrogels can be made from many different polymer chains (e.g., collagen, polyethylene glycol (PEG), alginate, etc.) that crosslink to form gels; however, many additional domains are required for cell attachment [92, 102, 111, [202] [203] [204] [205] [206] . Furthermore, hydrogels typically lack the proper signals to induce robust differentiation for tissue production, resulting in a need for their modification of bioactive sequences and factors [207] [208] [209] [210] [211] [212] . From a synthetic biology perspective, elastin-like polypeptides (ELPs) are an attractive platform of materials, because they can be easily modified and recombinantly expressed in E. coli to produce high yields of tailor-made programmed materials for encapsulating mammalian cells [210] . Below is a non-exhaustive list of significant functional modules that can be built into biomaterials for directing cell function.
Cell adhesion domains
Improving engineering approaches of ECMs by programming in functional domains/modules to better control cell behavior has the potential to improve how tissue substitutes can be engineered from stem cells. A common modification to materials is based upon the observation that cells require integrin receptors to bind to ECM ligands for cell attachment, which has been shown to influence and regulate cell migration, growth, differentiation, and apoptosis. One of these ligands is the RGD (R, arginine; G, glycine; and D, aspartic acid) peptide sequence, which is an integrinbinding domain present in fibronectin. RGD can be attached to various materials, or programmed into the DNA of recombinant proteins. This cell-ECM binding module was taken from the fibronectin ECM protein [94, 213] , and has been shown to transform an otherwise non-cell adhesive biomaterial into a microenvironment that mimics native tissues [214] [215] [216] [217] . Overall, the addition of cell adhesion domains within biomaterial scaffolds has shown to significantly impact cell behavior in the areas of cell attachment, cell spreading, cytoskeletal reorganization, the formation of focal adhesions, as well as proliferation and cell motility [218] .
Cleavable domains
Matrix metalloproteinases (MMPs) are secreted by cells, which function in the extracellular environment to degrade ECM proteins. MMPs have shown to play a major role in tissue repair and remodeling in response to injury and, for this reason, have been popular targets in disease treatments [219] . The inclusion of MMP-cleavable domains within a biomaterial has been demonstrated to promote stem cell viability and differentiation [111] . These MMP-degradable sites allow surrounding cells to permit matrix remodeling by making room for newly synthesized tissue. In a recent publication, it was shown that the incorporation of MMP-7-cleavable RGDS (RGD plus serine) into a biomaterial system, along with chondroitin sulfate and heparin, two bioactive molecules known to enhance chondrogenesis (the formation of cartilage) of human mesenchymal stem cells [220] . MMPs are, therefore, a module that enables matrix remodeling that can also be used to release bioactive molecules from the scaffold in a spatial and temporal fashion to positively influence stem cell differentiation and tissue remodeling.
Non-covalent modules in biomaterials

Peptide cross-linking
Capitalizing on protein-protein interactions, it was shown that peptide cross-linking groups could be added to various modules using recombinant technologies to customize cellular microenvironments. In one such example, specific protein domains containing two tryptophan residues, called WW motifs, fold with stable triple-stranded β-sheets that recognize and physically cross-links with proline-containing ligands [221] . Many WW motifs together (called a "C" domain) have been shown to create a soft hydrophilic hydrogel that provides a scaffold for cells to grow [222] . This hydrogel environment can be decorated with bioactive domains to impact cell behavior by adding proline-rich ligands (called a "P" domain) that have been engineered to contain other functional modules. For example, to create tailor-made materials for bone regeneration, hydrogels made from C and P domains with functional peptides (i.e., RGD and hydroxyapatite (HA), a mineral naturally found in bone) genetically fused to them [203] . Upon mixing these peptides, the system forms a hydrogel (Fig. 2a) that achieved a material stiffness determined by the ratio of the three constituents, with a significantly greater stiffness being achieved with the inclusion of the nano-HA (Fig. 2b) , and an even greater stiffness with the P-decorated nano-HA (Fig. 2c) . Upon gelation, the hydrogel demonstrated self-healing properties and recovered its viscosity following mechanical perturbation, an important property to consider in applications with mechanical forces playing a significant role in the outcome of tissue development. This study exemplifies how using recombinant technologies can be used to modify the mechanical properties of the extracellular microenvironment with the presence of different functional modules that can be used for directing cell fate decisions.
Coiled-coils
Coiled-coil interactions provide a means to tailor the binding associations between two peptide domains that specifically associate. Coiled-coils are two or more alphahelices that combine in a parallel or anti-parallel fashion to create a superhelix [223] . The individual helices of coiled-coils are composed of heptad repeats and precise placement of amino acids within the coils produce high degrees of specificity between different constituents of the coils. Coiled-coil domains are found throughout nature, including within ECM that contains proteins such as collagen [224] and laminin [225] . Due to their specificity and ease of customization, coiled-coils have been employed in recombinant material design to create orthogonal protein linkages in the extracellular space. For example, it was shown that the dynamic mechanical properties of a hydrogel can be controlled by functionalizing the polymer backbone chains with various coiled-coil domains, and adjusting the coil primary structure to obtain desired matrix outcomes (Fig. 3a, b) [226] . Specifically, these properties allow the elasticity and the rates of dissociation/ reassociation to dynamically change based on the design of the coiled-coils used in the matrix. Altogether, this work demonstrates that coiled-coil domains can be used to engineer mechanically dynamic hydrogels by controlling the amino acid structure of the coils.
The ability to use parts from orthogonal systems to induce changes in behavior is central to synthetic biology. Along these lines, a coiled-coil polymer system was developed that dissociates and re-associates in response to the introduction of coiled-coil domains from various polymers [227] . In this example, four different polymers, each composed of a PEG backbone with coiled-coil domains conjugated at the termini, were constructed to create various PEG-coil species. By mixing different PEG-coil domains together, it was shown that molecular networks could be dissociated with the introduction of a coiled-coil lacking PEG, which has a higher affinity than the PEG-coil domains This resulted in displacing the other PEG-coil binding partner from participating in cross-linking (Fig. 3c) . Importantly, these molecular networks could be re-formed through reintroducing a coiled-coil domain lacking PEG. This flexible and modular approach to designing hydrogels could be useful in the context of tissue engineering to create injectable and durable hydrogels. The switching behavior of such networks has the potential to control the tethering/dissociation of ligands or growth factors to the material network with the addition of other coiled-coil domains. Additionally, it is well within the reach to imagine that these principles could be applied to recombinant proteins, and perhaps, with a genetic program controlling the temporal expression of these different Fig. 2 Controlling matrix stiffness with peptide cross-linking modules: The stiffness of ECM scaffolds can be controlled using modules that contain repeat motifs of either a "P" (proline rich-black triangles) or "C" (WW-red broken boxes). These modules can be mixed to control the stiffness of the matrix. a When P and C domains are mixed, they form a soft hydrogel. b When nano-HA modules are added to the P and C gels, the matrix stiffens. c The addition of P-decorated nano-HA modules enables an even stiffer matrix to be formed (color figure online) Fig. 3 Coiled-coils. The primary structure of coiled-coils can be modified to provide an unlimited number of these domains/modules to be used for structurally programming the ECM. a Mixing PEG backbones (gray) conjugated with different coiled-coiled units (green, blue, yellow, red, and gray coils), the storage and loss moduli can be custom made to achieve desired ECM. b The dynamic behavior of hydrogels linked via coiled-coil domains can be controlled by programming coiled-coil primary amino acid structures. c A coiledcoil polymer system is capable of dissociation and reassociation in response to the introduction of other coiled-coil domains. These networks can be disrupted through the introduction of a non-PEGylated coiled-coil domain with a higher affinity for one of the PEG-coil domains (boxed coiled-coils), thereby displacing the other PEG-coil binding partner from participating in cross-linking. d When basic leucine zipper coils (Z R ) are fused to ELP (thick blue line) and mCherry (red sunshine) and mixed together, coacervates are formed to obtain slow, controlled release of mCherry-Z E . e The combination of collagen binding domains (red broken squares) and coiled-coils provides a means to decorate the ECM with growth factors (color figure online) materials to augment mechanical and chemical properties of the matrix over time.
A second type of coiled-coil being used to tailor biomaterials is the leucine zipper coiled-coil (Z R ). Leucine zipper proteins are a group of transcriptional regulators that dimerize to form a DNA-binding domain. It is believed that this dimerization results from the hydrophobic association of the α-helices of the two leucine zipper monomers into a coiled-coil [228] . Recently, the self-assembly of two fusion proteins, one containing an elastin-like polypeptide (ELP) with a leucine zipper coiled-coil, and the other containing the mCherry fluorescent protein with a leucine zipper coiled-coil was observed to create a hydrogel (Fig. 3d) [228] . Performing temperature transitions to induce the formation of an ELP hydrogel showed to drastically alter the diffusion coefficient compared to the ELP hydrogel without the leucine zipper coiled-coils, creating a slow and controlled release of the mCherry coiled-coil. Therefore, coiled-coil domains can be used to program the release of small molecules like genetic inducers to control encapsulated cells containing genetic circuits, or growth factors for guiding stem cell fate decisions for tissue engineering applications.
Similarly, the fibronectin-derived collagen binding domain (CBD) as well as coiled-coil domains were combined for the purpose of non-covalently immobilizing the growth factors, basic fibroblast growth factor (bFGF) and endothelial growth factor (EGF), to a hydrogel [229] . In this study, the CBD genetically fused the C-terminal of the Kcoil coiled-coil, as well as bFGF and EGF, both with an Ecoil domain (Kcoil's binding partner) (Fig. 3e) . This novel approach to functionalize the extracellular environment has demonstrated that growth factors can be tethered to an ECM for influencing cell behavior.
Covalent modules
SpyCatcher-SpyTag
The SpyTag-SpyCatcher system is a protein coupling tool, harvested from S. pyogenes, is used for irreversible peptideprotein ligation that uses peptide-protein partners to covalently lock them together [230] . This system was derived from the second immunoglobulin-like collagen adhesion domain (CnaB2) of the S. pyogenes fibronectin binding protein FbaB, which naturally forms an isopeptide bond [231] . To create this modular tool, the CnaB2 was split into two pieces, a short 13 amino acid SpyTag and a larger 138 amino acid SpyCatcher that spontaneously forms an isopeptide bond that imparts significant stability to the molecule (Fig. 4) . The SpyCatcher-SpyTag system has been applied to the culture of stem cells through the incorporation of bioactive agents into recombinant hydrogels [205] . To create a custom-made ECM that includes the SpyCatcher-SpyTag system, SpyCatcher and SpyTag modules can be encoded into the DNA sequence of recombinant proteins that form hydrogels (Fig. 4a) . Moreover, designing biomaterials using these modules coupled with functional domains can produce materials with conjugated biomolecules to enhance cell function. For example, it was shown that conjugating Leukemia Inhibitory Factor (LIF), a cytokine that maintains embryonic stem cell pluripotency, to a hydrogel dramatically improved the number of undifferentiated embryonic stem cells compared to gels without the conjugated LIF (Fig. 4b) [205] . Altogether, the SpyCatcher-SpyTag is a modular system that can be used for a variety of applications to produce novel protein architectures, including joining functionalized polypeptide strands to proteins (Fig. 4c) at specific times during cell culture [230] , provide an environment to improve viability of cells [232] , enzyme stability [233] , and vaccine optimization [234] .
SdyTag-SdyTag
Similar domains for protein-peptide covalent cross-linking have been found in S. dysgalactiae called SdyCatcher and SdyTag [235] . To demonstrate how these novel modules can be used to functionalize biomaterials, it was shown that SpyCatcher:SpyTag-EGFP-SdyTag:SdyCatcher structures could be assembled. To achieve higher-order 3D structures, the cross-linking of circularized SpyCatcher/SpyTag and SdyCatcher-SdyCatcher proteins was performed (Fig. 4d) . It is possible that these novel 3D ECM structures can be translated by cells to self-assemble post-translationally that offers an interesting new direction for cells to create their own custom-made ECM to control their own cell fate.
Altogether, the Spy systems have garnered much attention, and are being utilized in the modular assembly of antibodies [236, 237] , virus-like particles [238] , and microcapsules [239] . While the Spy and Spy-like systems have shown impressive results in bacteria, their applications in higher organisms are only just beginning. For example, it was recently demonstrated that the SpyCatcher-SpyTag system is functional in C. elegans, human embryonic kidney (HEK) cells, and in primary neuronal cultures for selectively labeling membrane-localized proteins [240] . We forecast the increased utilization of these components by tissue engineering technologies to come.
Conclusions
Studies have shown that cell fate decisions are strongly influenced by both intrinsic and extrinsic factors. Therefore, engineering approaches that couple synthetic biology and biomaterials should improve our ability to control cell behavior. This can be accomplished by taking a bottom-up approach to assemble functional genetic modules to control intrinsic gene expression patterns, and similarly, assemble functional extracellular matrix domains/modules to create custom-made microenvironments for directing cell behavior. It has previously been shown that interfacing synthetic biology with biomaterials enables the creation of genetically interactive biomaterials. In these studies, inducer molecules for the genetic circuit, LTRi_EGFP (Fig. 5a, b) [3] , was attached to the biomaterial scaffold with various triggers of release [241, 242] , allowing for spatial and temporal control of gene expression in vitro (Fig. 5c) . Similar studies have shown that biomaterials can be used to implant cells containing the LTRi_EGFP genetic circuit at various locations in mice and gene expression could be controlled by adding various concentrations of the inducer to their drinking water (Fig. 5d) [241] .
Looking ahead, taking a bottom-up approach to design and construct gene networks to regulate intrinsic gene expression profiles, in addition to building complex biomaterial scaffolds with functional domains/modules to construct structurally programmable ECMs for controlling the extrinsic signals that cells are exposed to has the potential to revolutionize our ability to guide the growth and behavior of cells that will ultimately impact basic research, pharmaceutics, and medicine. 5 Interfacing synthetic biology and biomaterials. a LTRi_EGFP genetic circuit in the absence of inducer in is the off state and does not express enhanced green fluorescence protein (EGFP). b When inducer is added, this flips the genetic switch on and EGFP is expressed. c Genetically interactive biomaterials have been modified with genetic inducer molecules (blue circles) attached to the scaffold via photolabile bonds (orange lines). In the absence of 302 nm of light, the inducer molecules remain attached to the biomaterial and do not activate EGFP expression. Upon exposure to 302 nm of light, the photolabile bond breaks, releasing the inducer molecules, which activate EGFP expression. d Cells harboring LTRi_EGFP were encapsulated into biomaterials and implanted into mice showed EGFP expression only when the genetic inducer was added to the drinking water (color figure online) 
